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This process gives rise to a network of ducts, which form the collecting system. Defective branching can lead to a multitude of kidney disorders including agenesis and reduced nephron number. The formation of branching tubules involves changes in cell shape, cell motility, and reorganization of the cytoskeleton. However, the exact intracellular mechanisms involved are far from understood. We have used the three-dimensional (3D) Madin-Darby canine kidney (MDCK) cell culture system to study how p21-activated kinase 1 (Pak1), which is an important regulator of the cytoskeleton, modulates branching. Our data reveal that Pak1 plays a crucial role in regulating branching morphogenesis. Expression of a dominant-negative Pak1 mutant (DN-Pak1) in MDCK cysts resulted in the spontaneous formation of extensions and branching tubules. Cellular contractility and levels of phosphorylated myosin light chain (pMLC) were increased in DN-Pak1 cells in collagen. Expression of a DN-Pak1 mutant that does not bind to PIX (DN-Pak1-⌬PIX) failed to form extensions in collagen and did not have increased contractility. This shows that the DN-Pak1 mutant requires PIX binding to generate extensions and increased contractility in 3D culture. Furthermore, a ␤1-integrin function-blocking antibody (AIIB2) inhibited the formation of branches and blocked the increased contractility in DN-Pak1 cysts. Taken together, our work shows that DN-Pak1-induced branching morphogenesis requires PIX binding and ␤1-integrin signaling.
cyst; tubulogenesis; myosin II; contractility THE PROPER MORPHOGENESIS and maintenance of renal epithelial tubules are of central importance to the development and function of the kidney. Branching morphogenesis or tubulogenesis is a process that gives rise to a network of epithelial cell-lined tubules and ducts, which form the collecting system. Defective branching can lead to a number of kidney disorders including agenesis, reduced nephron number, and polycystic kidney disease (46) . The maintenance of renal epithelial tubule structure is critical in response to injury and repair. Much is known about the growth factors and membrane receptors that regulate branching from in vivo studies (52) . Many of the signaling pathways that control branching morphogenesis affect the actomyosin cytoskeleton, which plays an essential role in regulating the cellular processes involved in the morphogenesis and maintenance of epithelial tubules including cellular motility, adhesion, and contractility. However, the exact molecular mechanisms involved in regulating the cytoskeleton in renal epithelial tubules and how changes in cytoskeleton dynamics affect the morphogenesis, maintenance, and repair of renal tubules are unclear.
Three-dimensional (3D) cell culture is a powerful approach to investigate the molecular mechanisms that regulate the cytoskeleton during the morphogenesis and maintenance of renal epithelial tubules. The 3D Madin-Darby Canine Kidney (MDCK) cell culture system is a well-established model system for studying renal epithelial branching morphogenesis and tubulogenesis (30, 49, 69) . In 3D cell culture, single cells are embedded in an extracellular matrix such as collagen I, and these cells proliferate and organize into 3D structures like cysts or tubules. Cysts are spherical, hollow structures composed of a monolayer of epithelial cells surrounding a central lumen. Treatment of cysts with hepatocyte growth factor (HGF) activates several signaling pathways, which in concert, induce a highly complex series of morphogenetic events that start with formation of basal membrane extensions, followed by formation of cords of cells and eventually end with the formation of branching tubules (42, 69) . Whereas the molecular mechanisms that regulate and coordinate these events are still incompletely understood, it has become clear that several subprograms control distinct stages of tubulogenesis. For instance, activation of the ERK pathway is required for the early stages, whereas activation of matrix metalloproteases is uniquely required for later stages (33) . Other HGF-induced signaling pathways, such as activation of phosphatidyl inositol-3-kinase (PI3K), are likely required for all stages of tubulogenesis (65) .
In addition to soluble growth factors such as HGF, the ECM is an important regulator of cystogenesis and tubulogenesis. Specific ECM components either stimulate or inhibit tubulogenesis in MDCK cells (50) and control cell polarity and lumen formation during cystogenesis (32, 64) . These effects likely are mediated via integrin heterodimers, which serve as ECM receptors. In particular, ␣2␤1-and/or ␣3␤1-integrin are required for cystogenesis and tubulogenesis in MDCK and in vitro organ culture (20, 45, 64, 71) . Integrins cluster in focal adhesions upon ECM binding, and recruitment of specific components into these structures is critical for tubulogenesis (19) .
The Rho family of GTPases Rho, Rac, and cdc42 are activated by HGF (40, 43) and in response to integrin-mediated cell-matrix adhesion in 3D culture (64) . Given their wellestablished roles in the regulation of the actin cytoskeleton, cell motility, and cell adhesion (15) , and findings that Rac and cdc42 are required for HGF-induced cell scattering (40, 43) , Rho GTPases are likely to be important regulators of cystogenesis and branching morphogenesis. Indeed, studies with dominant-negative Rac1 showed that inhibition of Rac1 blocks normal cell polarization, lumen formation, and tubulogenesis in 3D cyst culture (32, 41) . Furthermore, similar studies in tubule formation using a collagen overlay model showed that both Rac1 and RhoA regulate tubulogenesis in MDCK cells (12, 13) . Whereas these studies indicate important roles for Rac1 in cystogenesis and tubulogenesis, the downstream pathways are still unclear. Dominant-negative versions of RhoGTPases act by sequestering upstream guanine exchange factors, which often are able to activate different Rho-GTPases (58) . Thus these mutants can potentially inhibit signaling by several Rho GTPases and their downstream effector molecules.
To investigate specific pathways downstream of Rac1, we analyzed the role of p21-activated kinase 1 (Pak1) in cystogenesis. Pak1 is one of the most well-established Rac and cdc42 effector molecules and a key regulator of cytoskeletal organization (1, 67, 74) . Consistent with being a downstream effector of Rac1, Pak1 is activated through ␤1-integrins (10, 76) and by HGF in many cell types, including MDCK (2, 43) . Pak1 can act both by phosphorylating downstream substrates but also has kinase-independent functions, by serving as a scaffold (16) . Pak1 has potential roles in regulating actinmyosin contractility and may activate myosin II by phosphorylating myosin light chain (MLC) (23, 51) . On the other hand, Pak1 was also reported to prevent MLC phosphorylation by negatively regulating myosin light chain kinase (MLCK) (47) . Functions of Pak1 that are at least partially kinase independent include the recruitment of key signaling proteins to the membrane (16) and the regulation of cell motility and focal adhesion turnover (25, 51, 60, 68 ).
Here we show that expression of a DN-Pak1 mutant in MDCK cysts resulted in the spontaneous formation of cellular extensions and branching tubules. These changes in cyst morphology involve alterations to the cytoskeleton including changes in cell shape, increased contractility, and myosin II activity. The morphogenetic effects of the DN-Pak1 depended on its interaction with ␤PIX and the function of ␤1-integrins. Together, our results suggest that Pak1 plays an important role in regulating branching and myosin II activity during renal epithelial morphogenesis.
METHODS
Cell lines and cell culture. The DN-Pak1 (Pak1-K299R) and Pak1-R193A, P194A, K299R (hereafter called DN-Pak1-⌬PIX) cell lines that inducibly express these mutant proteins using the Tet-off system have been described previously (68). Cells were grown in MEM with L-glutamine, supplemented with 5% fetal calf serum, and penicillin-streptomycin in a humidified atmosphere at 37°C in 5% CO 2, and 95% air. To suppress transgene expression, cells were maintained in growth medium with 20 ng/ml of doxycycline.
3D culture of cysts. Cyst culture was performed according to previously established methods with slight modifications (34). Cells were subcultured 1:5 the day before being plated in collagen or a basement membrane extract (BME). For plating in collagen or BME, cells were rinsed one time in PBS, incubated for 10 min in PBS at 37°C, and then trypsinized with 0.25% trypsin-EDTA for an additional 10 min at 37°C to generate a single cell suspension. Cells were resuspended in a collagen I solution containing 2.1 mg/ml of collagen I (PureCol, Advanced Biomatrix, San Diego, CA), 0.23% NaHCO 3 wt/vol, 20 mM HEPES (pH 7.6), and growth medium (with or without doxycycline). The cell-collagen mixture (150 l) was plated on Nunc Anopore membrane inserts with a 0.02-m pore size and 10-mm diameter (Nalge Nunc International, Rochester, NY) in a 24-well tissue culture plate. For some experiments, cells were resuspended in BME (Trevigen, Gaithersburg, MD) and plated on Nunc inserts as above. The cell-collagen mixture, or cell-BME mixture, was allowed to gel for 40 min at 37°C, and then growth medium was added to the culture. Transgene expression was induced on the day of plating in collagen by adding growth medium to the gels without doxycycline. Cysts were fed with growth medium every 3-4 days in culture. Cysts for phase-contrast microscopy and immunofluorescence experiments were plated in collagen gel (or BME) at a concentration of 2 ϫ 10 4 cells/ml. For imaging live cysts several days, cells were resuspended in collagen as stated earlier, and 150 l of the cell-collagen mixture was plated directly into one well of a 48-well tissue culture plate. To monitor individual cysts, a gridded coverslip (Electron Microscopy Sciences, Hatfield, PA) was attached to the bottom of the plate under the corresponding well. The numbered grid was used as a reference to follow specific cysts over several days. Cysts were photographed daily from day 7 to day 10 by using phase-contrast microscopy. For biochemistry experiments, cells were plated at a concentration of 5 ϫ 10 4 cells/ml in collagen on top of an additional cell-free collagen gel. For treatment of cysts with the ␤1-integrin function-blocking rat monoclonal antibody AIIB2, the antibody was added directly to the culture medium from day 5 to day 8 in culture at a final concentration of 8 g/ml as described previously (64) .
Antibodies and other reagents. The rat anti-E-cadherin antibody was obtained from Sigma-Aldrich. Polyclonal rabbit anti-phosphoThr18,Ser19-MLC2 (hereafter called pMLC) antibody was from Cell Signaling Technology. The mouse monoclonal anti-GAPDH antibody was from Biodesign International. The rabbit ␤-catenin antibody was from Santa Cruz Biotechnology. Rat anti-ZO1 was obtained via the Developmental Studies Hybridoma Bank at the University of Iowa. All other antibodies were as described previously (64) . F-actin was stained with phalloidin-Alexa Fluor 488 (Invitrogen). Secondary antibodies comprised Alexa Fluor 488 donkey anti-mouse IgG (HϩL), anti-rat, and anti-rabbit conjugates and Alexa Fluor 633 goat anti-rat IgG (HϩL), anti-mouse, and anti-rabbit conjugates (Invitrogen). (Ϫ)-Blebbistatin was obtained from Sigma-Aldrich.
Immunofluorescence confocal microscopy. The protocol for immunofluorescence staining of cysts was previously described in detail (34). Samples were rinsed once in PBS plus Ca 2ϩ and Mg 2ϩ and then fixed in 4% paraformaldehyde in PBS for 30 min at room temperature. Next, gels were washed in PBS, quenched in 50 mM NH4Cl in PBS, and permeabilized in PBS with 0.1% Triton-X100 (TX-100). Primary antibodies were added at a 1:100 dilution in 5% normal donkey serum in PBS/TX-100 overnight rotating at 4°C. The following day the samples were washed extensively in PBS/TX-100, and then secondary antibodies were added at a 1:200 dilution overnight rotating at 4°C. The final day, the gels were washed in PBS/TX-100, rinsed in PBS, followed by dH 2O, and then mounted on glass slides in Fluorosave (Calbiochem) with 10 g/ml 4=-6-diamidino-2-phenylindole (DAPI) to stain nuclei. To stain F-actin, gels were fixed and permeabilized as above and treated with phalloidin-Alexa-Fluor 488 (Invitrogen) overnight at 4°C rotating and washed and mounted the following day. Cysts were imaged on a Zeiss 510 LSM confocal microscope with an Axiovert 200M microscope and a C-Apochromat ϫ63/1.2W Corr lens. Images were adjusted for brightness with Adobe Photoshop CS version 9.0.
Western blot analysis. To prepare protein lysates of cysts, collagen gels containing cysts were transferred directly into 40 l of 4ϫ Laemmli buffer, mixed, and boiled for 5 min. Equal volumes of lysates were loaded onto 8% [for hemagglutin (HA) and myc detection] or 12% (for pMLC detection) SDS-PAA gels and transferred onto polyvinylidene fluoride (PVDF) membrane (Millipore). For comparison of pMLC levels, phosphatase inhibitors [1 mM sodiumvanadate (Na3VO4) and 1 mM NaF] were added to the Laemmli buffer, and pMLC signals were normalized to GAPDH after quantitative Western blot analysis using an Odyssey detector (LI-COR, Lincoln, NE). Samples for the analysis of pMLC levels were collected from cysts at 7 days in culture. Secondary antibodies for Odyssey detection comprised Alexa Fluor 680-conjugated donkey anti mouse and donkey anti-rabbit IgG (Invitrogen).
3D collagen gel contractility assays. Contractility assays were done essentially as described previously (39) , with some modifications. Cells were induced to express DN-Pak1 or DN-Pak1-⌬PIX by culturing cells in the absence of doxycycline for 3 days before being plated in collagen gels. Cells were trypsinized as above to generate single cell suspensions and then mixed in a collagen I solution containing 1.5 mg/ml of collagen I, 0.23% NaHCO3, and 20 mM HEPES (pH 7.6) in growth medium (with or without doxycycline). Single 60-l drops were plated onto nontissue culture-treated six-well plates (Fisher Scientific). The collagen gels were allowed to solidify for 20 min at 37°C, and then growth medium was added to the wells. The gels were gently lifted off the plate using a cell scraper, and gels were photographed using a Canon SD300 digital camera. A small ruler was placed in the image field for scale. The diameter of the gels was determined at 0, 12, and 16 h by measuring the diameters using Adobe Photoshop. Actomyosin-generated contraction forces of cells cause the gel to decrease in diameter with time. Contractility assays were performed with at least triplicate samples, and for at least three experiments. l-Blebbistatin (Sigma) was added directly to culture medium at 50 M final concentration to inhibit myosin II activity. DMSO was used as a vehicle control for the (Ϫ)-blebbistatin-treated cells.
Statistical analyses. Data are means Ϯ SD for at least three experiments. Differences between two groups were examined using an unpaired t-test. Statistical significance was assumed at P Ͻ 0.05.
RESULTS

Expression of a DN-Pak1 mutant in 3D MDCK cell culture induces branching morphogenesis.
Since Rac1 was previously shown to be essential in the proper orientation of epithelial polarity in 3D MDCK cyst culture (32) , and Pak1 is a major downstream effector of Rac1 (1), we wanted to determine whether Pak1 has a function in epithelial morphogenesis in 3D cell culture. For this, we used a previously established MDCK cell line stably expressing a DN-Pak1 mutant Pak1-K299R, which is a full-length, kinase-dead mutant (68). This mutant protein is expressed under the control of the tetracyclineregulated transactivator using the Tet-off system (14) . In the presence of doxycycline, the DN-Pak1 mutant protein is not expressed in these cells. Cells were plated in collagen I gels and monitored by phase-contrast microscopy for cyst morphology. Control cells were plated in collagen I in the presence of doxycycline (ϩDox), and cells were plated in collagen in the absence of doxycycline (ϪDox) to induce DN-Pak1 expression. After 8 days in culture, control cells formed cysts, which were spherical in shape and contained a hollow lumen (Fig. 1A) . However, DN-Pak1-expressing cysts had an abnormal morphology, with many relatively narrow and broad cellular processes arising from the basal surface of cysts. We refer to this morphology as "branching," because it resembles the cellular processes that form during HGF-induced branching morphogenesis (35, 62) . These cellular processes include basal membrane extensions and lumen-containing tubules. Here, we refer to these simply as branches. To confirm that this phenotype was not due to a clonal variation, we tested a second DN-Pak1 clone (clone 3) that showed the same branching phenotype in 3D culture (Fig. 1A) . The branching phenotype of DN-Pak1 mutant cysts was observed as early as 5 days in culture but was strongest around 10 days in culture. Induction of expression of the HA-tagged DN-Pak1 mutant protein was verified in 3D cyst cultures by Western blot (Fig. 1B) . We quantified the morphology of the DN-Pak1 cysts by direct observation of cysts using phase-contrast microscopy. Of the control cysts, 98% had a normal, spherical morphology, whereas only 28% of DN-Pak1 cysts had a spherical morphology (Fig. 1C) . The remaining 72% of DN-Pak1 cysts had the branching phenotype. DN-Pak1 cysts also had a reduced capacity to form clear lumens compared with control cysts (data not shown). However, the lumen phenotype appeared independent of the branching phenotype because there were many DN-Pak1 cysts that had a strong branching phenotype and a clear lumen. These results show that expression of the DN-Pak1 induces branching morphogenesis in 3D MDCK cell culture.
To determine whether continuous expression of DN-Pak1 was required for the maintenance of branches, we grew DNPak1 cysts in the absence of Dox for 7 days and photographed branching cysts. Then Dox was added to the culture medium to repress expression of DN-Pak1, and cysts were rephotographed 3 days later. To do this, we examined live cysts in collagen gels plated over gridded coverslips, which allowed us to follow individual cysts over time. The addition of Dox from days 7 to 10 caused branches to retract in DN-Pak1 cysts (Fig. 1D ). This result demonstrates that DN-Pak1 expression is required for the maintenance of branches once they initiated in these cysts.
To better understand the mechanism of branching in DNPak1 cysts, we examined how cyst morphology changes over several days. To do this, we again examined cysts plated over gridded coverslips. We photographed cysts daily starting at day 7 and ending at day 10. Five representative DN-Pak1 cysts are shown in Fig. 1E . In DN-Pak1 cysts, branching begins with the formation of one or more relatively short and narrow branches (Fig. 1, arrowheads day 7) . In general, these branches become broader and elongate over several days (arrowheads day 8) . Note that the development of narrow branches into broad branches is relatively rapid and occurs over a time course of 24 h (compare day 7 and 8 for cysts 1, 3, and 5) but that the broad branches were less dynamic. In some cysts, new branches continue to form off of established branches, showing that this is a dynamic process (arrows day 9 in cyst 2, 3, and 4). In some cases, the position of the cyst changes slightly relative to the grid from day 7 to day 10 ( Fig. 1E, cyst 4) , suggesting that increased motility of DN-Pak1 cells in collagen plays an important role in branching morphogenesis of these cysts.
DN-Pak1-induced branches maintain apical-basolateral polarity and cell junctions and are not associated with alterations in laminin deposition. Since inhibition of Rac1 activity was previously implicated in the proper orientation of apical-basal polarity and laminin organization in 3D MDCK cysts (32), we determined whether Pak1 also played a role in these processes. We used immunofluorescence confocal microscopy to analyze the localization of several markers of apical-basal polarity in the DN-Pak1 branching cysts. Analysis of the apical membrane marker podocalyxin/gp135 (5, 28) showed no difference in localization between control and DN-Pak1 expressing branching cysts; in both cases, podocalyxin/gp135 was localized to the apical/lumenal surface of cysts (Fig. 2, A and B) . Closer examination of podocalyxin/gp135 staining also revealed that the broader branches in DN-Pak1 cysts contained lumens that were continuous with the cyst lumen (inset in Fig. 2B) . In other words, DN-Pak1-expressing cysts spontaneously form tubules. Furthermore, cells that are initiating branching maintained contact with the lumen (arrows in Fig. 2, B-D) . E-cadherin, which is a marker for the basolateral membrane, was localized to the basolateral surface of both control and DN-Pak1 cysts (Fig. 2, E-H ). E-cadherin also localized to the basolateral surface of branching cells in DN-Pak1 cysts (Fig. 2H) . To examine polarity of DN-Pak1 cysts in more detail, we analyzed the basolateral marker ␤-catenin and the tight junction marker ZO-1. In both control and DN-Pak1 cysts, ␤-catenin was localized to the basolateral surface and ZO-1 was localized to the tight junctions near the apical surface (Fig. 2, I and J) . The localization of ␤-catenin and ZO-1 also did not appear to be disrupted in DN-Pak1 cells that were initiating branching (Fig.  2, K and L) . Together, these results indicated that apical-basal polarity was maintained during DN-Pak1-induced branching.
MDCK cells secrete laminin from their basolateral surface (4) and abnormal laminin deposition in response to inhibition of ␤1-integrins or Rac1 results in defects in cyst morphogenesis (64) . To examine laminin deposition in DN-Pak1 cysts, we performed immunofluorescence confocal microscopy using polyclonal antibodies raised against laminin-111. This antibody recognizes the ␤1-and ␥1-laminin chains and most likely stains laminin-511 in MDCK cells (32, 64) . Laminin was detected at the basal cell surface of both control and DN-Pak1 branching cysts, and no obvious difference in laminin organization was observed (Fig. 2, M and N) . This suggests that the formation of branches in the DN-Pak1 cysts does not result from abnormal laminin deposition. We also examined proliferation and apoptosis by staining cysts for Ki67 and cleaved caspase-3, respectively. Analysis by immunofluorescence confocal microscopy showed no significant difference in the percentage of Ki67-positive cells or cells that stained for cleaved caspase-3 between control cysts and DN-Pak1 cysts at 10 days in culture (data not shown).
Finally, we analyzed the organization of the actin cytoskeleton in DN-Pak1-induced branches by staining for F-actin with phalloidin. Strong apical staining, representing apical microvilli, was seen at the lumenal surface in both control and DN-Pak1 cysts (Fig. 2, Q and P) . We also found strong labeling of F-actin in bundles within extensions of DN-Pak1 cysts (Fig. 2Q ). This suggests that stress fibers form in these extensions. Stress fibers are bundles of F-actin and myosin II filaments and are characteristic of cells under increased contractility.
DN-Pak1 increases cellular contractility in 3D MDCK cell culture. Actomyosin dynamics play an important role in branching morphogenesis, and the initial stages of branching morphogenesis of MDCK cysts are dependent on actin polymerization (65) . Actin dynamics are regulated by myosin II, which bundles and moves actin filaments and generates tension forces that are essential in cell motility and contractility (8) . Nonmuscle myosin II activity is regulated by phosophorylation of the regulatory MLC (53) . We hypothesized that DN-Pak1 cells have increased contractility in 3D culture based on the following observations. First, in contrast to control gels, collagen gels containing DN-Pak1 cysts were contracted (had reduced gel diameter) and detached from cell culture inserts by 12 days in culture (data not shown). Second, the branching morphology of the DN-Pak1 mutant cysts suggested that these cysts had major changes in actomyosin dynamics and were under increased tension. Third, DN-Pak1 cysts form cellular extensions with F-actin-rich stress fibers as shown above (Fig. 2Q ). Finally, Pak has previously been implicated in the regulation of myosin II activity, although the exact way in which Pak affects myosin II activity is not clear (6, 47, 54, 70) . To examine DN-Pak1 cysts for further molecular evidence of increased contractility, we analyzed the levels of phosphorylated MLC (pMLC). The formation of stress fibers results from increased myosin II activity and increased levels of pMLC, which is used as a standard readout of myosin II activity. Western blot analysis showed that diphosphorylated pMLC (Ser18,Thr19) was increased in DN-Pak1 cysts compared with controls (Fig. 3, A and B) . These results indicated that the DN-Pak1 cysts had increased myosin II activity and increased cellular contractility.
To directly examine whether DN-Pak1 expression also resulted in increased cellular contractility in 3D culture, we performed collagen gel contractility assays. Control and DNPak1 cells were resuspended in floating collagen I gels, photographed (0 h), and then incubated for 12 to 16 h. After the incubation, gels were photographed again to measure gel diameter. We found that collagen gels containing control cells were reduced in diameter by only 28% after 12 h, whereas gels containing DN-Pak1 cells were reduced in diameter by 45% (Fig. 4, A and B) . By 16 h, gels containing control cells were reduced in diameter by 37%, and gels containing DN-Pak1 cells were reduced in diameter by 53%. Similar results were obtained with two different DN-Pak1 clones (data not shown). Together, our results show that DN-Pak1 greatly increased cellular contractility. The increased contractility was dependent on myosin II activity: treatment of cells with a specific myosin II inhibitor blebbistatin (55) significantly reduced contractility in control cells and completely blocked the increased contractility in DN-Pak1 cells compared with controls (Fig. 4,  A and B) . Blebbistatin treatment for 16 h did not inhibit expression of the DN-Pak1 protein (Fig. 4C) .
DN-Pak1 mutant protein requires binding to PIX to generate branches and increased contractility in 3D culture. Our finding that Pak1 has a role in myosin II-dependent cell contractility is consistent with previous studies that have implicated Pak1 in the regulation of this process. Recently, Coniglio et al. (7) showed that the Pak isoforms Pak1 and Pak2 have distinct effects on MLC phosphorylation. This study also demonstrated that both Pak isoforms differentially affected the morphology and dynamic behavior of focal adhesions. Since the substrate specificity of both Pak isoforms is virtually identical (38) , it is likely that specific inclusion of Paks into signaling complexes at focal adhesions is a determining factor in the regulation of MLC (7). We therefore investigated whether inclusion of Pak into signaling complexes at focal adhesions was required for the DN-Pak1 phenotype. Pak forms a complex with the Pakinteracting Rac guanine-nucleotide exchange factor PIX, which recruits Pak to focal adhesions (26) . Furthermore, many studies have shown that the Pak-PIX complex has important roles in regulating cytoskeletal dynamics and focal adhesion turnover (reviewed in Ref. 67) .
To investigate whether the DN-Pak1 protein requires binding to PIX to generate branches in 3D culture, we used an MDCK cell line that stably expressed a DN-Pak1 mutant protein that does not bind ␤PIX (68). Expression of the DN-Pak1 mutant protein with two point mutations that prevent PIX binding (Pak1-R193A,P194A,K299R) referred to as DNPak1-⌬PIX was regulated by the Tet-off system. We found that cysts expressing DN-Pak1-⌬PIX had a normal, spherical morphology (Fig. 5A) , and this was confirmed for two different DN-Pak1-⌬PIX clones (data not shown). Ninety-nine percent of control (ϩDox) cysts had a spherical morphology, and similarly 99% of DN-Pak1-⌬PIX cysts (ϪDox) had a spherical morphology (Fig. 5B) . These results show that the DN-Pak1 mutant protein requires binding to PIX to generate branches in 3D culture.
We also determined whether DN-Pak1 binding to PIX was required for the increased contractility of DN-Pak1 cells in 3D culture. For this, we tested the DN-Pak1-⌬PIX cells in 3D collagen I contractility assays. At 16 h, there was no difference in the reduction in gel diameters between control and DNPak1-⌬PIX cells (Fig. 5, C and D) . Expression of the myctagged DN-Pak1-⌬PIX mutant protein was confirmed by Western blot analysis (Fig. 5E ). This result shows that the DN-Pak1 mutant protein requires interaction with ␤PIX to generate increased cellular contractility in 3D collagen gel culture.
DN-Pak1-induced branching and cellular contractility depends on the ECM composition and requires ␤1-integrin
signaling. Whereas HGF induces the formation of branching tubular structures in MDCK cells cultured in collagen type I gels, these cells fail to form these structures upon HGF treatment when cultured in a BME (50) . This indicates that specific cell-ECM interactions are important for regulating branching morphogenesis. To determine whether DN-Pak1 cysts form branches in other ECM besides collagen I, we plated DN-Pak1 cells in a growth factor-reduced BME and examined cyst morphology. We found that BME completely blocked the ability of DN-Pak1 cysts to form branches as analyzed by phase-contrast microscopy (Fig. 6A ). This result shows that the composition of the extracellular matrix plays an important role in the DN-Pak1 branching phenotype. In other words, the branching of DN-Pak1 cysts is not cell-autonomous but requires specific cell-ECM signaling.
To further investigate the role of cell-ECM signaling, we examined the role of integrins in the DN-Pak1 phenotype. When engaged in ECM adhesion, integrins cluster in focal contacts. As mentioned above, the Pak-PIX complex plays important roles in the stabilization and turnover of these structures. Most integrins in MDCK cells comprise ␤1-integrin-containing heterodimers, which are receptors for collagen I (27) . To determine whether ␤1-integrin signaling has a role in the formation of branches in DN-Pak1 cysts, we treated these cysts with the ␤1-integrin function-blocking antibody AIIB2 (56) and analyzed the effect on extension formation. It was previously shown that treatment of MDCK cells in collagen with the AIIB2 antibody resulted in inverted polarity of cysts only when cells were treated during the first 3 days in culture, and that cells become refractory to the polarity-reversing effect of AIIB2 after this time window (64, 66) . Since DN-Pak1 cysts begin to form branches at day 5 in culture (not shown), we treated cysts with AIIB2 from day 5 to day 8, after polarity was established, to determine whether ␤1-integrin is required for branch formation of DN-Pak1 cysts. Under these conditions, inhibition of ␤1-integrins resulted in a significant block in branch formation (Fig. 6, B and C) . Specifically, we found that 63% of DN-Pak1 cysts had branches when cultured without AIIB2, which decreased to 8% in AIIB2-treated cysts (Fig.  6C) . Interestingly, DN-Pak1 expression was somewhat decreased in DN-Pak1 cysts after 3 days of AIIB2 treatment (Fig. 6D ). This result may indicate that ␤1-integrin functions to stabilize the DN-Pak1 protein in 3D culture. It is possible that ␤1-integrin is required for the establishment and/or maintenance of focal contacts in 3D culture, so in the presence of AIIB2, focal contacts are lost and the DN-Pak1 protein is destabilized.
To examine whether ␤1-integrin signaling was also essential for the increased cellular contractility seen in DN-Pak1 cells in 3D, we treated these cells with the AIIB2 antibody in collagen gel contractility assays. Control cells and DN-Pak1 mutant cells were resuspended in collagen gels and incubated for 16 h as before and plated in the presence or absence of the AIIB2 antibody. Inhibition of ␤1-integrin signaling resulted in a reduction of contractility in both the control and DN-Pak1 cells at 16 h and blocked the increased contractility of DN-Pak1 cells compared with controls (Fig. 6, E and F) . Thus ␤1-integrin signaling is essential for the increased contractility of the DN-Pak1 cells in collagen. We found that treatment of cells with the AIIB2 antibody during this assay did not inhibit expression of the DN-Pak1 protein (Fig. 6G) . It is therefore unlikely that the highly reduced branching we observed in the AIIB2-treated cysts is due to reduced expression levels of DN-Pak1 under these conditions.
DISCUSSION
We show here that expression of DN-Pak1 induces branching tubulogenesis from MDCK cysts grown in collagen I. HGF-induced tubulogenesis from MDCK cysts is a widely used model system to study the basic epithelial morphogenic mechanisms that control the formation of branching tubules (42, 46, 69) . In the classic four-stage model, tubulogenesis proceeds over several days in four distinct stages, named extensions, chains, cords, and tubules (35) . In the extension stage, some cells form a basal extension but retain an apical surface that is continuous with the cyst wall. In contrast, apical polarity is lost upon formation of chains and cords, when chains of single cells or cords of 2-3 cells in diameter extend from the cyst body into the collagen, while maintaining cellcell contact via adherens and tight junctions. Next, cells within cords will form apical surfaces surrounding small nascent lumens, which then merge and eventually become continuous with the central lumen. Another quite different mechanism for HGF-induced tubulogenesis in MDCK was reported by Williams and Clark (62) . In this model, HGF also induces basal extensions. However, this is followed by two of more neighboring cells moving into the collagen, which go on to form a tubule by epithelial sheet deformation, where a continuous sheet of polarized cells evaginates into the collagen to form a tubule in which all individual cells remain polarized and retain contact with the central lumen at all times. Consistent with earlier findings (3, 50) , tubulogenesis by this mechanism is also inhibited by BME, suggesting the involvement of specific cell-matrix interactions. Furthermore, as this type of tubulogenesis is accompanied by accumulation of actin fibers in basal extensions and lacks an obvious involvement of increased cell proliferation, it was concluded that increased migration is the main underlying mechanism of tubulogenesis (62) .
Whereas in our hands MDCK cells behave according to the classic four-stage model upon addition of HGF [(65) and data not shown], tubulogenesis induced by DN-Pak1 was similar to the mechanism as described by Williams and Clark. Thus cells never lost apical-basolateral polarization and maintained tight junctions at all times. Extensions were also rich in actin fibers, and no major changes in proliferation or apoptosis were observed. In this respect, this type of tubulogenesis more closely resembles branching of the ureteric bud, which also branches with a continuous lumen and is not accompanied by a loss of cellular polarization (29) . In the MDCK-HGF model, HGF can induce many different signaling pathways, which collectively drive branching tubulogenesis. Our results indicate that Pak1 plays a role in some, but not all, of these pathways.
We previously characterized DN-Pak1-expressing MDCK cells in two-dimensional culture and found that DN-Pak1 mutants sequestered ␤PIX in large focal contacts (68). Similar results were obtained in many other cell types, in which (59), which probably represents multiple isoforms of pMLC. GAPDH is used as a loading control. B: quantitation of pMLC levels in control and DN-Pak1 cysts. pMLC levels were normalized to GAPDH. n ϭ 4. Error bar represents SD. P Ͻ 0.05. inhibition of Pak results in an increased number of large focal contacts (23, 43, 75) . In MDCK cells, DN-Pak1 also increases cell migration and abolishes contact inhibition by a process that does not affect cell-cell junctions (24, 68) . Instead, the phenotype is due to dysregulation of Pak-PIX-dependent focal adhesion turnover, which results in increased cell-matrix-dependent PI3K signaling (24) . These findings likely are significant for the role of Pak1 in tubulogenesis we show here. We previously reported that early stages of tubulogenesis are similar to the mechanisms that drive cell migration. Specifically, both processes rely on PI3K signaling and actin remodeling but do not depend on cell proliferation, which is only required at later stages (65) . PI3K is activated in MDCK cysts in response to HGF (3) and lipid products of PI3K specifically accumulate at tips of extensions in early HGF-induced tubulogenesis (65) . PI3K activity is also required for HGF-induced tubulogenesis in MDCK and other renal epithelial cells (11, 65) and sufficient to induce tubulogenesis in the absence of HGF (22) . It is therefore possible that increased PI3K signaling at focal adhesions in DN-Pak1-expressing cells is at least part of the mechanism that underlies the branching phenotype in these cells. DN-Pak1-induced tubulogenesis also relies on ␤1-integrins and on the interaction of DN-Pak1 with PIX, which recruits Pak1 to focal adhesions. Taken together, these observations suggest that Pak1 is involved in the early steps of tubulogenesis; in particular those that rely on cell migration. Specifically, we propose that expression of DN-Pak1 in 3D culture results in stabilized focal contacts, which depends on an interaction of DN-Pak1 with ␤PIX, and which promotes increased cell motility and a branching phenotype.
Although the DN-Pak1 cysts have a phenotype that resembles HGF-induced branching morphogenesis, these cysts do not form the complex branching tubular networks, which are generated after HGF treatment for several days. The DN-Pak1 cysts can spontaneously initiate branching morphogenesis and form extensions and mostly relatively short tubules. This could be due to a disruption in focal contact turnover. Branching morphogenesis in 3D culture requires proper assembly and disassembly of focal contacts. Two proteins that play key roles in focal contact dynamics, besides the Pak-PIX complex, include the docking protein paxillin and focal adhesion kinase (FAK). Paxillin phosphorylation results in formation of a complex between paxillin and FAK, which regulates focal contact turnover. Expression of a paxillin mutant in renal epithelial cells in 3D culture results in a failure of paxillin to bind to FAK and disassemble focal contacts (18) . Cysts expressing this paxillin mutant form relatively short basal processes and not a branching tubular network as in control cells expressing wild-type paxillin. FAK also has an important role in regulating HGF-induced branching morphogenesis of MDCK cells. Overexpression of wild-type FAK in MDCK cells in collagen increased branching morphogenesis by making cells more sensitive to the effects of HGF, whereas cells that expressed dominant negative FAK-related nonkinase do not survive (61) . These results show that focal contact dynamics have crucial roles in regulating branching morphogenesis.
Interestingly, inhibition of protein kinase C (PKC) by staurosporine or downregulation of PKC by long-term treatment with phorbol 12-myristate 13-acetate (PMA) induces a branching phenotype similar to DN-Pak1-induced branching (48) . Serine/threonine kinases other then PKC may also inhibit branching (48) . Since PKC has been implicated in the turnover of focal adhesions via a mechanism that involves Rac-dependent phosphorylation of paxillin (31) , it is possible that inhibition of PKC induces branching by a mechanism that depends on regulation of cell-matrix adhesion. Consistent with this are reports that staurosporine affects focal adhesion turnover (21) and stimulates endothelial tubulogenesis in 3D culture by a mechanism that depends on FAK (57) . It is possible that these processes may involve downstream regulation via the Pak-PIX complex. Alternatively, direct or indirect effects on Pak kinases cannot be excluded since staurosporine is a broadspectrum kinase inhibitor (44) .
Inhibition of ␤1-integrin with the function-blocking antibody AIIB2 inhibits DN-Pak1-induced branching. As Pak is activated in response to integrin-mediated adhesion (17, 36, 76) , this suggests that DN-Pak1 acts via a ␤1-integrin-dependent signaling pathway. Inhibition of ␤1-integrin with AIIB2 or by small interfering RNA (siRNA)-mediated knockdown, or inhibition of Rac with DN-Rac results in inverted polarity via abrogation of Rac-mediated downregulation of Rho (32, 64, 66) . However, ␤1-integrin is not required for maintenance of polarity, as cysts are refractory to polarity-reversing effects of the AIIB2 antibody after 3 days in culture. Even though Pak1 is downstream of ␤1-integrin and Rac1, the cyst phenotypes are very different between DN-Rac1 cysts and DN-Pak1 cysts. Instead of reverting cell polarity, expression of DN-Pak1 resulted in cysts with normal apical-basal polarity, which branch spontaneously. We did not find activation of Rho in DN-Pak1 cells in 3D culture (data not shown), which suggests that Pak1 is not involved in regulating the orientation of polarity downstream of ␤1-integrin and Rac. Rather, Pak1 may regulate other pathways downstream of ␤1-integrin that are involved in cell migration and tubulogenesis. Two independent studies recently analyzed the role of ␤1-integrin in kidney development. For this, ␤1-integrin was conditionally deleted in the ureteric bud by crossing HoxB7Cre mice with integrin ␤1 flox/flox mice (63, 73) . Both studies reported that conditional knockdown of ␤1-integrin resulted in kidneys with reduced nephron number and dilation of tubules, suggestive of defects in branching morphogenesis. In contrast, no effects of cell polarization were observed upon knockdown of ␤1-integrin in vivo (63, 73) . Our finding that DN-Pak1-induced branching in MDCK cysts depends on ␤1-integrin is therefore consistent with the roles of this integrin in branching morphogenesis in the kidney in vivo. The fact that cell polarization crucially depends on the presence of ␤1-integrin in MDCK but not in vivo indicates that the ␤1-integrin-dependent signaling pathways that control polarity or tubulogenesis, respectively, in MDCK cysts are mechanistically distinct.
Finally, we show that expression of DN-Pak1 increased contractility in a ␤PIX-and ␤1-integrin-dependent manner. It was previously shown that diphosphorylated pMLC is involved in the spatial organization of stress fiber contraction and assembly in MDCK cells (59) . In addition, pMLC localized to the basal membrane in cysts and accumulated at the tips of cellular extensions during the early stages of HGF-induced tubulogenesis (65) . Similarly, pMLC accumulated at the leading edge of lamellipodia that initiate tubulogenesis induced by collagen overlay (12) . This suggests that pMLC has an important role in regulating actin filament dynamics at the basal membrane during branching morphogenesis. Pak1 has an essential role in human fibroblast-mediated contraction of floating collagen matrices, although in this context, contractility was dependent on cell ruffling activity rather than protrusion and retraction of cellular extensions. (39) . Activation of Pak also promoted dendritic spine formation in neurons by activating MLC and myosin II in a PIX-dependent manner (72). Since we find that DN-Pak1 induces increased contractility in 3D MDCK cell culture in a PIX-dependent manner, our results strongly suggest that the Pak-PIX complex regulates myosin II activity of MDCK cells in collagen matrices. Stabilized focal contacts, as induced by DN-Pak1, could initiate a signaling process at the basal membrane that leads to extension formation and increased motility and probably involves actin polymerization and increased myosin II activity to stabilize actin filaments. Indeed, we previously showed an increased association of DN-Pak1 with the cytoskeleton compared with wildtype-Pak1 (68), and we show here that a continuous presence of DN-Pak1 is required to maintain the branches. Others showed evidence indicating that myosin activity is required for ureteric bud branching (9) . An additional or alternative mechanism by which activation of myosin II may induce tubulogenesis, is by promoting "purse-string" constriction of the apical cytoskeleton, which forces cells into a triangular shape, thereby promoting evagination (29) . Such mechanism may involve ezrin, which links the actin cytoskeleton to the plasma membrane, and which has been indicated in both ureteric bud branching (29) and HGF-induced branching in MDCK cells (37) .
In conclusion, our results suggest that Pak1 plays an important role in regulating the dynamics of the cytoskeleton and focal contacts during renal epithelial morphogenesis in 3D MDCK cell culture and does so through ␤PIX and ␤1-integrindependent mechanisms. Our hypothesis is that the DN-Pak1 protein, in a complex with ␤PIX, is trapped at focal contacts in 3D culture, which is similar to the effect of this mutant in 2D culture (24, 68) . The trapping of DN-Pak1 likely stabilizes focal adhesions in 3D culture, and this is dependent on cell-ECM interactions through ␤1-integrin. The DN-Pak1-PIX stabilized focal adhesions may result in an increase in PI3K signaling, which could initiate branching, and can also result in stress fiber formation and increased myosin II activity and cellular contractility. Collectively, this results in the formation of stable extensions from the basal surface of DN-Pak1 cysts. Inhibiting the DN-Pak1-PIX interaction (DN-Pak1-⌬PIX) or ␤1-integrin signaling (AIIB2 antibody) results in a failure to localize DN-Pak1 to the membrane and form stabilized focal adhesions, which are required for spontaneous extension formation. Therefore, these results suggest that Pak1 may regulate cytoskeleton and focal contact dynamics during renal epithelial morphogenesis.
